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Abstract: Gardening has the potential to influence several ecosystem services, including soil carbon
dynamics, and shape progression towards the UN Sustainable Development Goals, (e.g., SDG 13).
There are very few citizen/community science projects that have been set up to test an explicit
hypothesis. However, citizen/community science allows collection of countrywide observations
on ecosystem services in domestic gardens to inform us on the effects of gardening on SDGs.
The geographical spread of samples that can be collected by citizen/community science would not
be possible with a team of professional science researchers alone. Members of the general public
across the UK submitted soil samples and buried standardised litter bags (tea bags) as part of the
Tea Bag Index—UK citizen/community science project. Participants returned 511 samples from
across the UK from areas in their garden where soil organic amendments were and were not applied.
The project examined the effects of application of soil amendments on decomposition rates and
stabilisation of litter, and in turn, effects on soil carbon and nitrogen concentrations. This was
in response to a call for contributions to a global map of decomposition in the Teatime4Science
campaign. Results suggested that application of amendments significantly increased decomposition
rate and soil carbon, nitrogen, and carbon: nitrogen ratios within each garden. So much so that
amendment application had more influence than geographic location. Furthermore, there were
no significant interactions between location and amendment application. We therefore conclude
that management in gardens has similar effects on soil carbon and decomposition, regardless of the
location of the garden in question. Stabilisation factor was influenced more prominently by location
than amendment application. Gardening management decisions can influence a number of SDGs
and a citizen/community science project can aid in both the monitoring of SDGs, and involvement of
the public in delivery of SDGs.

Keywords: tea bag index; decomposition; decomposition rate; stabilisation factor; soil carbon; garden
soil; gardening; citizen science; community science

1. Introduction

There is great opportunity for gardening and green infrastructure to contribute to the UN
Sustainable Development Goals (SDGs) through the provision of a wide range of ecosystem
services [1–4]. Gardening and soil management in gardens can: (i) purify water (SDG 6—Clean Water
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and Sanitation), (ii) improve air quality (SDG 3—Good Health and Wellbeing, SDG 11—Sustainable
Cities and Communities), (iii) provide space for recreation (SDG 3 and 11), (iv) growing food (SDG
2—Zero Hunger, SDG 12—Responsible Consumption and Production), (v) improve habitat connectivity
for the protection of biodiversity aboveground (SDG 15—Life on Land), (vi) influence soil biodiversity
(SDG 15), and (vii) provide climate mitigation and adaptation (SDG 13—Climate Action) [5–8].

Soil carbon (C) is commonly referred to as one of the most important indicators of soil quality [9].
It governs an array of soil’s physical, chemical, and biological processes [10,11]. Soil C fate and
behaviour, however, are also influenced, in turn, by the physical, chemical, and biological properties of
the soil [12,13]. Soil C, contained within soil organic matter (SOM), holds approximately three times
more C than the atmosphere or terrestrial vegetation [14] and accounts for 80% of the terrestrial C
pool [15]. Therefore, maintenance of soil C stocks is critical to a balanced global C cycle. The importance
of soil C was recognised during the 21st Conference of the Parties to the United Nations Framework
Convention on Climate Change (COP21) in Paris, 2015. During COP21, the ‘4 per Mille Soils for Food
Security and Climate’ action agenda was developed. This initiative was established as a voluntary
action plan for partners in both the public and private sectors to increase agricultural soil C by 0.4%
per annum [16].

It has been estimated that domestic gardens in the UK cover a total area of 432,924 ha, or 1.8% of
the total UK land surface [17] and up to 22–27% of land cover in cities in the UK [18]. The potential
importance of domestic gardens for C storage is increasingly being recognised [19]. Domestic garden
soils are estimated to hold 40 t C ha−1 in the top 30 cm, and 60–145 t C ha−1 in the top 100 cm [20,21].
Although this may seem negligible, and less than other ecosystems such as woodland [22], gardens
are often the most substantial piece of land that members of the public control and engage with soil
management directly.

In order to deliver on SDGs, we need the public to become more engaged with their soils. Within
private dwellings, management decisions are made on an individual basis, outside of policy that
commercial landowners are subject to. Individuals have a duty to take at least some steps to reduce
their carbon footprint, be it for their own sake or instrumentally promoting collective action [23].
Discussion of management practices in the garden, and their effects on the global C cycle, offer a
valuable tool for community engagement, as gardeners often have a direct and personal interest in
their own soil [24].

Projects using citizen science, or community science (CS), can be used to engage stakeholders
and the general public in soils and climate change mitigation [6]. Both within their personal property,
and in wider green infrastructure such as green spaces and community gardens [25]. CS projects can
also provide much needed monitoring of SDGs [26], with the greatest inputs from CS being observed
in SDGs 3, 6, 11, and 15 [27]. CS is defined, in this context, as volunteer participation in the collection
and/or processing of biodiversity and/or environmental data as part of a scientific enquiry in order
to understand the natural environment, through activities such as biological monitoring and the
collection or interpretation of environmental observations [28,29]. The use of CS in environmental
research and monitoring has increased significantly in recent years, even though it has existed for
centuries [25]. This is largely due to the numerous research and educational benefits CS projects have
to offer both participants and researchers. Particularly as resources available for research do not match
the requirements and the scale of the questions scientific researchers are often trying to address [30,31].

Application of organic materials, such as compost and manure, as soil amendments is commonplace
in domestic garden systems. The practice is regularly advised in gardening literature, to improve
fertility, soil structure, and moisture retention [32,33]. Therefore, urban garden soils may not always
be as poor in quality as other urban soils surrounding them [8]. Application of organic amendments
may also be contributing to elevated total soil C in these systems [21,34]. The application of organic
amendments, such as manure, green waste compost, and spent mushroom compost, in horticultural
systems and domestic gardens has been reported to increase soil C [35–38]. Compost production,
and its potential application to commercial and domestic horticultural soils, also provides a vital
alternative waste stream for refuse that may otherwise be destined for landfill [39].
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Understanding the behaviour of added C, and the mechanisms governing its long-term storage
in soils, is currently a topic of intense research activity [14], often in long-term agricultural field
experiments [40]. However, there is relatively little knowledge about the fate of organic amendments
in soils of horticultural systems, both commercial and domestic. This is, in part, due to that fact that
horticultural amendments (e.g., peat, composted bark, and spent mushroom compost) differ from those
commonly used in agricultural systems (e.g., crop residues, sewage sludge, and farmyard manure).
One of the most straightforward methods to quantify decomposition of organic matter by the soil
microbial (decomposer) community is with field based studies using litter bags [41,42]. However,
preparing uniform litter bags that allow comparison between regions is difficult. The Tea Bag Index
(TBI) [43] uses commercial tea bags as standardised litter bags in order to quantify decomposition rate,
k, and stabilisation factor, S, of litter in soils. The TBI method is a safe, simple, easily communicated,
and peer-reviewed method, making the TBI ideal for a CS project. The call for contributions to a global
map of decomposition has resulted in tea bags being buried in over 2000 locations worldwide for the
Teatime4Science campaign (http://www.teatime4science.org/).

Domestic gardens are not included in the current TBI database, because they are not considered
representative of the surrounding natural environment [24]. Being able to conduct these experiments
in gardens would broaden the scope of the database as it would allow submissions from urban areas
that are currently under-represented. The benefits of participants being able to utilise their own
garden deepens their engagement and removes barriers such as landowner permissions and health
and safety barriers. A concern regarding CS projects is that they tend to focus on collection of large
datasets, without tailoring data collection to test an explicit hypothesis [28,44]. The hypothesis of this
research was that there will be within garden effects arising from the application of soil amendments
on decomposition rates and stabilisation of litter, and soil C and N concentrations. Gaining an
understanding of decomposition processes across the world is important for informing current climate
models. This is the first time, to our knowledge, that a decomposition project such as this has taken
place in gardens across the UK.

2. Materials and Methods

2.1. Tea Bag Index

The TBI method [43] uses commercially available tea bags and exploits the differential in
decomposition between green tea (fast decomposition) and rooibos tea (slow decomposition) over
90 days (the bag is nondegradable). Mass loss in the tea bags is used to generate TBI parameters
describing a litter decomposition rate constant (k) and a factor quantifying the extent of litter stabilisation
(S). S is calculated from the ratio between the fraction of green tea that is actually decomposed after
90 days and the fraction of green tea that is hydrolysable (Hg; operationally defined as the combined
total of nonpolar extractive C, water soluble C, and acid soluble C) and therefore should be decomposed
based on its chemical lability. The decomposition rate constant k is estimated assuming exponential
decay from the mass of rooibos tea remaining at t = 90 days and the decomposable fraction for rooibos
tea (calculated from the hydrolysable fraction of rooibos tea (Hr) and S). Details of the calculations can
be found in Keuskamp et al. [43].

The brand of tea bags selected for the TBI are available in a number of countries, but they are not
available ‘off the shelf’ in the UK. This resulted in very few results for the UK being available. A more
intensive effort would be required to get coverage for the Teatime4Science campaign in the UK, so The
Tea Bag Index—UK (TBI—UK) CS project was developed in 2015. With the intention to explore the
spatial variability of decomposition rate, k, stabilisation factor, S, and soil C concentration in private
gardens across the UK.

2.2. Project Design

The TBI—UK project was designed as a contributory CS project defined by Pocock et al. [45].
A project designed entirely by scientists with participants primarily collecting data for submission to

http://www.teatime4science.org/
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the scientists. The project was based on the premise that simple methods that do not require much
time or expertise are best suited for mass participation in CS [45].

Participants (recruited as explained in Section 2.3) volunteered for the project via email and were
posted their TBI—UK pack that consisted of:

• A personally signed thank you note from the project director;
• Three pairs of preweighed (on a four decimal place balance) tea bags (1 green, 1 rooibos in each

pair). Each pair was tied to a colour coded labelled marker stick, enabling easy identification of
returned samples, marking the burial location for participants, and standardising the depth at
which tea bags were buried;

• Three polythene sample bags for soil samples, labelled and colour coded to match their
corresponding tea bag pairs;

• An information pack, which briefly introduced the project and provided instructions on the
procedure, including suggestions for where to bury them (see Supplementary Information,
Figure S1);

• A short questionnaire asking the participants to provide information on the locations where they
buried the tea bags and how long they were buried. Participants were asked for the post code/GPS
location of where they buried the tea bags as this was not necessarily the same as the address that
they were posted to. Some participants, for example, buried their tea bags in allotments, or in the
residence of family members. The questionnaire was kept very simple to promote completion and
consisted of tick boxes. Participants were asked, for each of the three locations:

1. Where did you bury this pair of tea bags (lawn, flower bed, vegetable patch, etc.)
2. Do you apply any compost, manure, or similar to this area of your garden? (Yes or No)
3. If we drew a rough 50 cm (1 1

2 ft) square, with the tea bags in the centre, what would the plant
cover be? (Bare soil; less than 50% plant cover; half plants, half bare soil; more than 50%
plant cover; or total plant cover).

Participants were asked to bury the three pairs of tea bags in three different locations around their
garden for c. 90 days. Suggestions were made in their instructions that, if possible, one pair should be
buried in their lawn, to provide comparisons of gardens nationally with one another to contribute
to the global TBI data. Lawns were chosen as managed grass is a generally uniform environment in
terms of plant cover and OM management. This was in response to a call for contributions to a global
map of decomposition in the Teatime4Science campaign (http://www.teatime4science.org/). It was also
suggested that one pair be buried in a location where organic soil amendments have been used to look
at the effect of amendment application in the domestic garden setting. However, in order to ensure the
participant was more invested in the results, the instructions made it clear that the final locations were
their choice. Two weeks before the 90 days mark and after 90 days, participants were prompted with
emails reminders. These included a recap of the instructions to dig up the pairs of tea bags, take a
sample of the surrounding soil, lay out all samples to dry, and finally return them to the project office
for analysis.

Returned tea bags were dried at 70 ◦C and adhered soil particles gently removed. Dry bags were
then cut open and the contents were weighed. Soil samples were dried at 40 ◦C, ground using a disc
mill, and analysed for total C and N content on a Thermo Scientific Flash 2000 CN Analyser.

2.3. Recruitment and Communication with Volunteers

A total of 438 packs (1314 pairs of tea bags) were distributed across the UK, with the majority
being in England. Recruitment of volunteers was conducted via several channels including social
media, written media, and outreach events. The project was organised in collaboration with the Royal
Horticultural Society (RHS), a gardening charity with over 500,000 members from the British public,
the majority of whom are amateur gardeners.

http://www.teatime4science.org/
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The project had its own FacebookTM and TwitterTM accounts which, at the time of writing,
combined had over 500 followers. Links to these accounts were shared by the RHS Facebook and Twitter
pages, which have a combined following of over 530,000 people. In addition, short advertisements
were placed in popular amateur gardening magazines. The project website (www.teabagindexuk.
wordpress.com) included background information on decomposition, details of the project, instructions
for participants, promotional material, and information about the scientist running the project.

Regular dialogue was maintained with the participants throughout the project. Participants
signed up to volunteer via email, with an initial reply email sent immediately thanking them for
taking part. A second email was sent when their pack had been dispatched. During participation,
volunteers were sent update emails ca. every two weeks with news from the project, along with
photos of scientists in the lab and the field using the TBI. Participants were also encouraged to send in
participation photos, which were shared with permission, in order to build up a sense of community.
News bulletins were posted regularly (at least once a week) on the project Facebook and Twitter pages.
An individual report of their results was sent to participants once the analysis had been completed.
All participants were informed that return of samples acted as consent for the data collected from their
samples to be used in our analysis. All participants records were anonymysed and contact details were
deleted from our database once participants were sent their results.

2.4. Statistical Analysis

All statistical analyses were performed using Minitab Version 19. A restricted maximum likelihood
(REML), mixed effects model with interactions, and Tukey’s post hoc testing were conducted on
decomposition rate, stabilisation factor, soil C, N, and C:N data. Fixed factors in the REML mixed
effects models were: (i) amendment application (yes or no), (ii) global environmental zone (Atlantic
Central or Atlantic North) as defined by Metzger et al. [46] (selected to be comparable to upcoming
unpublished TBI studies), and (iii) location in the garden (lawn or not lawn). Participant ID (reference
number) was included as a random factor. Lawn samples that had no amendments applied were also
examined in isolation with environmental zone as a factor using a general linear model (GLM).

We also examined the effects of amendment application and plant cover on TBI and soil C within
each participant’s garden. To account for the variability between participants, all data (decomposition
rate; stabilisation factor; and soil C, N, and C:N) were z transformed, Equation (1)—z transformation:

z =
xi − x

SD
(1)

where z score is transformed data for a sample pair of tea bags or it’s corresponding soil sample,
xi is the observation for a single pair of tea bags (decomposition rate or stabilisation factor) or it’s
corresponding soil sample (soil C, N, or C:N) from a participant, x is the mean of all samples (tea bags
or corresponding soil samples) returned by the participant, and SD is the standard deviation of all
samples (tea bags or corresponding soil samples) returned by the participant. If a sample observation
was equal to the mean of all samples returned by the participant, z = 0. If the sample observation was
below the mean of all samples returned by the participant, z < 0. Finally, if the sample observation
was above the mean of all samples returned by the participant, z > 0. For a z transformation to be
possible, only participants who returned more than one complete pair of tea bags, with corresponding
soil samples, could be included in this analysis.

For simplicity, z scores of samples were grouped according to amendment applied (yes or no) and
plant cover (bare soil; less than 50% plant cover; half plants, half bare soil; more than 50% plant cover;
or total plant cover). A REML mixed effects model, with interactions and Tukey’s post hoc testing,
was conducted on z transformed data. Amendment applied (yes or no) and plant cover category were
classed as fixed factors in the REML mixed effects model, and participant ID as a random factor.

www.teabagindexuk.wordpress.com
www.teabagindexuk.wordpress.com
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3. Results

3.1. Sample Return

Not all participants returned all three pairs of tea bags due to loss of or damage to bags during
the incubation period. In addition, some participants did not return a corresponding soil sample
or questionnaire, and some sample bags split in transit. Some participants also chose to bury tea
bags indoors in pot plants, or in greenhouses, so were not included in the analysis (although results
were still returned to the participant). Despite this, a total of 511 complete pairs of tea bags and
corresponding soil samples were returned that could be used in analysis, equating to a 39% return.
In total, 138 complete pairs were returned from lawns for submission to the Teatime4Science global
database (Table 1). A further 112 samples were returned from locations other than lawns, where
amendments were not applied, along with 261 samples where amendments were applied in locations
other than the lawn, such as flower beds and vegetable patches. Of the samples included in the
analyses, 403 were from the Atlantic Central zone and 108 were from the Atlantic North, as defined by
Metzger et al. [46]. Mean (±standard error) values for all UK samples returned (n = 511) were: 8.77%
soil C ± 0.26, 0.48% soil N ± 0.01, soil C:N ratio of 18.42 ± 0.28, decomposition rate 0.017 ± 0.000, and
stabilisation factor 0.178 ± 0.004.

Table 1. Mean tea bag index and soil sample analysis for lawn samples in the two environmental zones.
Significant difference in environmental zones, according to general linear modelling (GLM) are shown
in bold. Lawn samples are also compared to samples elsewhere in the garden (not lawn) that did not
have amendments applied. Significant differences in lawn/not lawn samples, according to general
linear modelling, are shown in bold.

Decomposition
Rate, k

Stabilisation
Factor, S

Total Soil
C (%)

Total Soil
N (%) C:N

Lawns only (no
amendments

applied)

Atlantic Central
(n = 106) 0.014 ± 0.001 0.187 ± 0.007 6.39 ± 0.29 0.41 ± 0.02 15.80 ± 0.43

Atlantic North
(n = 32) 0.015 ± 0.001 0.203 ± 0.014 7.29 ± 0.66 0.39 ± 0.03 18.34 ± 0.84

GLM p-value
(environmental zone

as a factor)
0.631 0.506 0.397 0.808 <0.01

No amendments
applied

Lawn (n = 138) 0.014 ± 0.001 0.191 ± 0.007 6.59 ± 0.27 0.62 ± 0.21 16.26 ± 0.41
Not lawn (n = 112) 0.017 ± 0.001 0.175 ± 0.008 7.94 ± 0.50 0.42 ± 0.02 19.06 ± 0.64

GLM p-value (location
in garden as a factor) <0.05 0.530 <0.05 0.693 <0.01

3.2. Lawn Data Only

C:N of soils in lawns in the Atlantic North were significantly higher than Atlantic Central,
this was the only variable that saw a significant difference between environmental zones in UK lawns
(Table 1). Compared to areas elsewhere in the garden where amendments were not applied, lawns had
significantly lower soil C, C:N ratio, and decomposition rate (Table 1).

3.3. All Samples

There was a significant difference in decomposition rate, total C and C:N ratio between lawn and
non-lawn environments without amendments (Table 1). In response we conducted the REML mixed
effects model twice, once with lawn samples included (Table 2), and once without (Table 3). Mean values
of this data can be found in the Supplementary Information (Table S1). The exclusion of lawn samples
had not effect on the significant differences observed (or lack of) between amendment application
and environmental zone in the case of decomposition rate, total C and N, and C:N (Tables 2 and 3).
Therefore lawn samples were included in the maps created from the TBI-UK project in the sections to
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follow. However, stabilisation factor was significantly different between environmental zones if lawns
were excluded (Table 3), which was not seen when lawns were included (Table 2).

Table 2. Summary of results from restricted maximum likelihood (REML), mixed effects model for all
returned tea bag index—UK samples (n = 511). Modelled using environmental zone, location in garden
(lawn/not lawn), and amendment application as fixed factors, with interactions. Values displayed are
the p values for all samples (n = 511) from REML tests of mixed effects (significant values in bold).

p-Value from REML Mixed Effect Model

Term Levels Decomposition
Rate, k

Stabilisation
Factor, S

Total Soil
C (%)

Total Soil
N (%) C:N

Environment Zone Atlantic Central;
Atlantic North 0.296 0.132 0.074 0.729 <0.05

Location in Garden Lawn; Not lawn <0.05 0.654 0.251 0.869 <0.05
Apply Amendments? Yes; No 0.160 0.576 <0.05 <0.05 0.587

Environmental Zone ×
Location in Garden 0.745 0.940 0.182 0.635 0.553

Environmental Zone ×
Apply Amendments? 0.902 0.615 0.917 0.771 0.896

Table 3. Summary of results from restricted maximum likelihood (REML), mixed effects model with
lawn samples excluded (n = 373). Modelled using environmental zone, location in garden (lawn/not
lawn), and amendment application as factors, with interactions. Values displayed are the p values for
all samples (n = 511) from REML tests of mixed effects (significant values in bold).

p-Value from REML Mixed Effect Model

Term Levels Decomposition
Rate, k

Stabilisation
Factor, S

Total Soil
C (%)

Total Soil
N (%) C:N

Environment Zone Atlantic Central;
Atlantic North 0.205 <0.05 0.535 0.396 <0.05

Apply Amendments? Yes; No 0.221 0.937 <0.05 <0.05 0.806
Environmental Zone ×
Apply Amendments? 0.942 0.989 0.985 0.731 0.567

3.4. Decomposition Rate

There were no significant difference in decomposition rates across the UK environmental zones
(Table 2, Figure 1) or from the samples returned with (Figure 1a) or without organic amendments
applied (Figure 1b, Table 2). There were also no significant interactions between environmental zone
and amendment application (Figure 1, Table 2).

3.5. Stabilisation Factor

As with decomposition rate, there was no significant difference in stabilisation factor in the
two environmental zones, when lawns were included in analysis (Figure 2). Stabilisation factor
also had no significant difference in areas with (Figure 2a) or without organic amendments applied
(Figure 2b, Table 2). There were no significant interactions between environmental zone and amendment
application (Figure 2, Table 2). When lawns were removed from the analysis, stabilisation factor was
significantly higher in the Atlantic North, compared to Atlantic Central (Table 3).



Sustainability 2020, 12, 6895 8 of 19

Sustainability 2020, 12, x FOR PEER REVIEW 8 of 20 

3.4. Decomposition Rate 

There were no significant difference in decomposition rates across the UK environmental zones 
(Table 2, Figure 1) or from the samples returned with (Figure 1a) or without organic amendments 
applied (Figure 1b, Table 2). There were also no significant interactions between environmental zone 
and amendment application (Figure 1, Table 2). 

 
Figure 1. Decomposition rate, k, as determined by the tea bag index: (a) samples where organic 
amendments have not been applied (with lawns included, n = 250); (b) samples where organic 
amendments have been applied (n = 261). See Table 2 for results from restricted maximum likelihood 
(REML) mixed effects model, and Table S1 for mean values according to amendment application and 
environmental zone. * Environmental zones defined by Metzger et al. [46]. 

3.5. Stabilisation Factor 

As with decomposition rate, there was no significant difference in stabilisation factor in the two 
environmental zones, when lawns were included in analysis (Figure 2). Stabilisation factor also had 
no significant difference in areas with (Figure 2a) or without organic amendments applied (Figure 
2b, Table 2). There were no significant interactions between environmental zone and amendment 
application (Figure 2, Table 2). When lawns were removed from the analysis, stabilisation factor was 
significantly higher in the Atlantic North, compared to Atlantic Central (Table 3). 

3.6. Soil Carbon and Nitrogen 

Amendment application resulted in significantly higher soil C and N (Table 2). High C (Figure 
3, Table 2) and N (Figure 4, Table 2) samples were spread across the UK, with no significant 
differences between environmental zones. Soil C: N ratio was not affected by amendment application 
(Table 2), but was significantly higher in the Atlantic North than Atlantic Central (Figure 5, Table 2). 

Figure 1. Decomposition rate, k, as determined by the tea bag index: (a) samples where organic
amendments have not been applied (with lawns included, n = 250); (b) samples where organic
amendments have been applied (n = 261). See Table 2 for results from restricted maximum likelihood
(REML) mixed effects model, and Table S1 for mean values according to amendment application and
environmental zone. * Environmental zones defined by Metzger et al. [46].

Sustainability 2020, 12, x FOR PEER REVIEW 9 of 20 

 
Figure 2. Stabilisation factor, S, as determined by the tea bag index: (a) samples where organic 
amendments have not been applied (with lawns included, n = 250); (b) samples where organic 
amendments have been applied (n = 261). See Table 2 for results from restricted maximum likelihood 
(REML) mixed effects model, and Table S1 for mean values according to amendment application and 
environmental zone. * Environmental zones defined by Metzger et al. [46]. 

 
Figure 3. Total soil carbon of returned soil samples: (a) samples where organic amendments have not 
been applied (with lawns included, n = 250); (b) samples where organic amendments have been 
applied (n = 261). See Table 2 for results from restricted maximum likelihood (REML) mixed effects 
model, and Table S1 for mean values according to amendment application and environmental zone. 
* Environmental zones defined by Metzger et al. [46]. 

Figure 2. Stabilisation factor, S, as determined by the tea bag index: (a) samples where organic
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3.6. Soil Carbon and Nitrogen

Amendment application resulted in significantly higher soil C and N (Table 2). High C (Figure 3,
Table 2) and N (Figure 4, Table 2) samples were spread across the UK, with no significant differences
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between environmental zones. Soil C:N ratio was not affected by amendment application (Table 2), but
was significantly higher in the Atlantic North than Atlantic Central (Figure 5, Table 2).
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3.7. Within Garden Effects 

Figure 5. C:N ratio of returned soil samples: (a) samples where organic amendments have not been
applied (with lawns included, n = 250); (b) samples where organic amendments have been applied
(n = 261). See Table 2 for results from restricted maximum likelihood (REML) mixed effects model, and
Table S1 for mean values according to amendment application and environmental zone. * Environmental
zones defined by Metzger et al. [46].

3.7. Within Garden Effects

To examine within garden variation, as a result of amendment application and plant cover, z scores
were calculated for each participant. These could only be calculated for participants who returned more
than one complete sample, and filled in all questions on the questionnaire (plant cover information was
missing for 28 participants). Despite this, 410 sample pairs (soil and teabags), from 157 participants
could be included. Transforming the data into z scores helps standardise the observations taken
from each garden in order to better understand the effects of amendment application, whilst taking
spatial variation between gardens into account. Figure 6 depicts an example for one participant’s
decomposition rate measurements.
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Amendment application resulted in significantly higher decomposition rate, soil C, soil N, and soil
C:N ratio, when expressed as a z score (Figure 7). The largest difference in z scores between areas with
and without amendment application was observed in the soil C z score. The significant differences
between samples where amendments were applied remained significant for decomposition rate,
total soil C, and N content when lawns were omitted (data not shown). There was no significant
difference between stabilisation factor, when expressed as z scores, from areas where amendments
were or were not applied (Figure 7).
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Figure 7. Effect of amendment application on within garden variation of Tea Bag Index and soil analysis.
Expressed as a z score calculated from the mean of all samples returned by the participant. Error bars
represent standard error (amendment application n = 212, no amendments n = 198). Treatments that
are labelled with the same lower case letter were not significantly different according to REML mixed
effect model with Tukey’s post hoc testing (p > 0.05).

There were no significant differences between plant cover classifications for stabilisation factor,
soil C, soil N, or soil C:N ratio (data not shown). Decomposition rate z score, however, was significantly
lower in areas that had total plant cover, compared to bare soil (Figure 8). However, as a result
of the instructions requesting participants to include a sample from their lawn, a large proportion
of the samples returned were from lawn environments. In addition, there may have been some
confounding between plant cover and amendments, e.g., lawns have total plant cover but applying
organic amendments is rare. Overall, 113 of the 198 samples that did not have amendments applied
were from lawns. When lawns were omitted from analysis, decomposition rate, although still lower in
total plant cover areas than bare soil, was not significantly diffferent between plant cover classifications
(Figure 8).
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4. Discussion

4.1. UK Garden Soils

For CS to make a valuable contribution to scientific knowledge, data must be validated [28,30].
Repetitions of the experiment by a professional scientist in each garden was not possible, hence the need
for a CS project in the first place. An examination of the results obtained by participants can, however,
be compared to results obtained by professionals obtained in similar environments (e.g., temperate
improved grassland) to see if the UK garden samples fall within an expected range. Based on published
results included in Keuskamp et al. [47], the mean k (0.017) and S (0.178) observed in UK gardens fell
within the expected range, based on measurements taken in temperate grasslands.

National scale soil analysis has been conducted in the past through the 2007 Countryside Survey,
where 2614 topsoil (0–15 cm) samples were taken from 591 1km squares [48]. This mean topsoil (0–15
cm) C concentration for the UK was determined by loss on ignition with a conversion factor of 0.55. C
concentrations of garden samples in our study were higher than concentrations found in improved
grassland (5.9%), during the Countryside Survey. Due to logistical constraints, we were only able
to analyse soil for total C, rather than organic C, so some results for soil C and C:N in our study,
particularly from calcareous regions, may appear to be higher than would be expected. However,
the mean total C content for UK gardens in our study (8.77%) was lower than the national average
of all samples in the 2007 Countryside Survey (13.7%). This is likely a result of some high C regions
identified by the Countryside Survey being poorly represented in our CS project e.g., peat regions in
northern Scotland, which are sparsely populated.

Mean nitrogen content of garden soils returned during this research (0.48%) was lower than the
national average for all habitat types taken during the Countryside Survey (0.71%), but was comparable
to concentrations found in improved grasslands (0.45%). The mean C:N ratio observed in garden
samples in our research (18.42) was higher than the observed national average for all habitat types
taken during the Countryside Survey (16.0) and improved grassland (12.0). Although it was not so
high to exceed the optimum C:N ratio of 25 for decomposable material according to Wang et al. [49].

4.2. Effect of Amendment Application

The results from the TBI—UK suggests that garden soils are strongly influenced by soil management
with the use of amendments significantly increasing soil carbon. This agrees with results from a
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previous citywide study in Leicester, UK, where C storage in domestic gardens was significantly higher
than in all other urban and nonurban land cover classes, deemed to be a consequence of amendment
application, mulching, and plant cover [50]. A study in Melbourne, Australia, also found that mulching
increased soil C density in topsoil (0–25 cm) [3]. Application of garden composts, comprising of food
waste, grass clippings, plant prunings, etc. have great potential to increase soil carbon contents [51]
and mitigate climate change. However, this is dependent on what the disposal methods of these
materials would have been if they were not applied to land as compost. Some disposal methods
of these materials have climate mitigation potential in their own right, such as anaerobic digestion
generating biogas as an alternative to fossil fuel use [52].

Amendment application also significantly increased soil nitrogen and decomposition rate.
Decomposition rate is determined from the proportion of rooibos tea that has been decomposed.
To decompose the rooibos tea (C:N ratio∼60), microbes will have drawn in N from the surrounding
environment [53]. Hence, application of amendments, which increased within garden (z score) N
contents and C:N ratio of the soil, will have a significant effect on decomposition rate. The availability
of N may also explain why decomposition rate was comparatively lower in areas with complete plant
cover compared to bare soil. The plants may be competing with the decomposers for available N,
thereby slowing decomposition. The lack of significant interactions between amendment application
and environmental zone, for decomposition rate, suggests that gardening practices, such as amendment
application, can influence the degree to which less easily degraded material (represented by the rooibos
tea litter in the TBI) decomposes, regardless of their prevailing climate.

The stabilisation factor is a quantification of the actual decomposed fraction of the green tea
compared to the hydrolysable (i.e., chemically labile) fraction of the tea, as determined by a laboratory
sequential C extraction [43]. This deviation from what was decomposed, and what could be exploited,
is therefore interpreted as the inhibiting effect of environmental conditions on the decomposition of the
labile fraction. These could be chemical effects (e.g., the availability of elements, pH), physical/climatic
effects (e.g., soil moisture, temperature), or biological (e.g., microbial community structure). In our
study the stabilisation factor appeared to be more influenced by location (environmental zone) than
management. This is contrary to the findings of Tresch et al. [38] in gardens in Switzerland, who found
that decomposition of green tea (from which stabilisation factor is calculated) was influenced by
management and was higher in ‘grass sites’ than in ‘vegetable sites’. However, significant differences
in stabilisation factor between environmental zones in our study were only observed when lawns were
excluded from analysis.

Although it is unlikely that the tea resembles any of the organic input into these garden systems,
use of the TBI will give some indication of the decompositional environment of these garden soils, as
determined by management. In addition, decomposition of tea used in the TBI have been found to
be representative of other litters [53]. However, there may be some limitations of the use of tea bags
associated with the mesh size allowing possible ingrowth of fungal hyphae, effecting results [38].

4.3. Use of Garden Samples in International Soil Assessments

Gardens are often absent from public and political attention [54], but we have observed that
management in gardens in terms of amendment application and land use cover (lawn/not lawn)
can influence both the Tea Bag Index decomposition parameters and soil characteristics. Different
management techniques, such as mowing, grass clippings removal, and collection and removal of
leaf litter from lawns [54–56], between lawn/not lawn environments can account for differences in C
content in these environments. These differences in soil management and other environmental factors
(e.g., urban heat island, elevated atmospheric carbon dioxide) can result in a “soil mosaic”, where
soil carbon can vary widely between and within gardens [57]. This makes the inclusion of gardens
in national soil assessments complicated, particularly as not all gardens are necessarily based on soil
types matching the surrounding area. Landscaping, particularly in houses built recently, can often
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involve importing topsoil from other locations, which may lead to discrepancies between data from a
garden and the surrounding native soils [58].

Soil C and N data are lacking in urban areas [59] and it is believed that further research into these
soils is warranted [58]. Gardens can account for up to one fifth of the total land area in urban areas [18],
so the inclusion of gardens can increase the urban sampling opportunity. In addition, existing literature
strongly focuses on gardens in an urban context, rather than rural gardens [54], so the potential of the
inclusion of gardens is not limited to urban areas.

It is uncertain, at this stage, how representative the results from these garden systems are of all
UK soils. The TBI is currently being used in the UK in natural ecosystems by other researchers, along
with soil carbon analysis; when these data are made available, the garden values obtained during
this project can be compared to the surrounding environment. If garden data are included in future
Teatime4Science campaigns the TBI method will be opened up to a new audience across the globe,
such that a wider community can participate.

4.4. Engaging with the Community

Urban ecosystems, including community gardens, allotments, and domestic household gardens,
have increasing potential to mitigate climate change (SDG 13). Therefore, engaging with the people
who own or manage these areas is becoming increasingly important in delivering on this SDG [60].
The project website has had over 30,000 views from 164 countries (25 June 2020), supporting findings
that CS provides an excellent platform for the public to engage with the environment and local
environmental issues, as well as enhancing the connectivity between soil and participant [24,45,61].
A large number of participants were recruited via the RHS social media and in gardening magazines,
suggesting they were keen gardeners who already have an ‘intimate relationship’ with the soil in their
gardens [24]. Therefore, the project may benefit from including samples from gardens that are not
managed to the same degree. Martin [62] observed that people with higher levels of engagement in
science are more likely to volunteer for CS projects. A different recruitment strategy, perhaps involving
schools or students to make sure participants, who may not be keen gardeners, would be required to
ensure less intensively managed gardens are not overlooked.

Tweddle et al. [29] stated that contributory projects, such as this one, do not involve the participants
in the same way as collaborative or cocreated projects. The focus of contributory projects is primarily
on the scientists’ needs rather than those of the participants, pulling into question how much keen
gardeners gain/learn from a project as they are already engaged in soil management. However,
just because they are engaged in the subject of soil management does not necessarily mean that
participants are engaged in the science behind it, or aware of the wider impacts. Projects such as ours
may be able to bridge this gap.

Participants returned 511 complete pairs of tea bags and corresponding soil samples, equating to a
39% return. This needs to be considered in planning and budgeting of future projects as recruitment of
volunteers will need to be more than double the number of samples you wish to be returned. There is
limited information available on the return rate of CS projects such as this one, but surveys distributed
by the Open Air Laboratories (OPAL) reported a 10% return [63]. This suggests that CS project that ask
volunteers for more intensive sampling, rather than more simple questionnaires, can do so without
a reduction in volunteer numbers. However, maintaining volunteer engagement throughout the
lifespan has been recognised as a hindrance to CS projects [61], but is vital to ensure participants
submit a completed observation. Therefore, regular communication and feedback to participants in CS
projects is a must to prompt and motivate volunteers to make a record, as well as encouraging future
participation [28,45].

The advances in digital communications technology, particularly social media, has made
communicating with the public faster and easier. However, communicating with participants is
often the most costly component of a CS project in terms of time, and one that cannot be overlooked [45].
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Honest regular communication, however, means that participants understand that feedback may not
be immediate, and they may be more accommodating of that fact.

4.5. Further Research and Considerations

Although we recognise this analysis is simplified, this was appropriate to communicate with the
participants to obtain feedback. However, should a CS project examining garden soil be conducted in
the future there are some points that may need to be considered.

Firstly, we did not determine from participants how long it had been since they applied
amendments, or whether they had information on the actions of previous householders. Without
knowledge of previous householders, we cannot guarantee that our ‘no amendments’ samples have
never had amendments applied. This makes it difficult for us to make the distinction between the
effects of applied C and N in soil amendments on decomposition, and effects of background soil C
and N that is intrinsic to location. Due to the volume of samples, and a desire to keep the demands
on the participants simple, the amount of soil data obtained was limited to one SDG (SDG 13).
More specifically SDG target 13.3 to “improve education, awareness raising and human and capacity
on climate change mitigation . . . ” [64]. However, with more resources there is potential for more
extensive observations to examine the gardens in the context of other SDGs. For example, compost
production and use in gardens and green spaces provides an alternative waste stream for refuse that
may otherwise be destined for landfill [39], which could be explored in line with SDG Target 11.6—to
reduce the environmental impacts of cities through waste management and SDG Target 12.5—to
reduce waste generation [64]. Further laboratory analysis of soil samples, including pH and heavy
metal contents, will help to monitor concentration of potentially harmful elements in garden soils in
order to address SDG Target 3.9—to reduce the number of illnesses from soil and water pollution and
contamination [64]. Our study has focused on organic amendments, but gathering information on
how the participants use synthetic fertilisers and pesticides would also allow us to monitor whether
chemicals are being used in an environmentally sound manner, and the role of gardening to reduce
chemical release to soil and water (SDG Target 12.4 [64]). Understanding of chemical use is of interest
because use of chemicals in gardens is outside of policy that commercial landowners are subject to.
Analysis of nutrient contents and other soil quality indicators will also allow us to assess the extent of
land degradation in urban areas, for example, to aid assessment of SDG target 15.3 [64]. More in depth
on-site observations by participants could also be conducted, for example, earthworm counts as an
indicator of soil quality could also contribute to SDG Target 15.3.

The inclusion of deployment of temperature and moisture probes with the TBI packs is also a
possibility, such as those distributed during the GROW sensing network (www.growobservatory.org).
This would aid in interpretation of the factors affecting decomposition in domestic garden systems and
further enhance gardener engagement, as well as creating potential opportunities for collaboration
between different CS efforts examining soil properties and soil biology/biodiversity. Although we have
concentrated on soil carbon here, it is important to note that the application of organic amendments
has also been associated with emissions of other potent greenhouse gases from soil, such as nitrous
oxide and methane [65,66]. This trade-off between soil carbon accumulation from application of
soil amendments and greenhouse gas emissions will need to be considered when examining the
contribution of gardening practice to climate change mitigation.

CS allows countrywide observations on ecosystem services to be made that would not be possible
with a team of professional scientists alone [67]. Permissions for access to homeowners’ land has been
highlighted as a barrier to projects examining garden soils [56], which would possibly be overcome
if the homeowners could conduct the sampling themselves. However, the ad hoc nature of CS data
collection, in terms of location and timings, may render it unsuitable for certain projects that require
statistical design or targeted sampling [45]. This was reflected in our study as only 21% of the samples
returned were from the Atlantic North region. This is likely a result of higher population density
in England compared to Scotland, Wales, and Northern Ireland [68]. The area covered by domestic
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gardens positively correlates with population density and housing density [18]. The TBI—UK team
was also based in England. In the future, UK CS projects may need to consider different recruitment
strategies for different countries of the UK.

5. Conclusions

The samples collected during the TBI—UK project suggest that decomposition rate and resultant
soil C and N concentration is increased by amendment application. This increase was observed
both when decomposition rate, soil C, and N were analysed as a national average, and at the small
scale when examining within garden differences using z scores. The collection of data through a CS
project not only allows samples to be analysed from a wide geographical spread, but also engages
the community in the collection of the data potentially making them more invested in the results.
The combination of monitoring and education makes CS a useful tool in the delivery of SDG target
13.3. Particularly as the TBI—UK results suggest that an individuals’ management decision (in this
case amendment application) has a greater influence on garden soil carbon contents, than where they
are in the country.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/17/6895/s1.
Figure S1: Joining information booklet sent to participants, Figure S2: Results information, Table S1: Mean tea bag
index and soil carbon from returned samples.
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